Abstract: The protonation of some meta and para substituted benzamides in sulfuric acid solutions was studied by UV spectroscopy in the 190-350 nm region. Principal component analysis was applied to separate the effect of protonation from the medium effect. The spectral region 200-350 nm was used for the calculation of the ionization ratio from coefficient of the first principal component, which explains about 95-98 % of the total variability. The dissociation constants as well as the solvation parameters m * and f were calculated using the excess acidity method and the Bunnett-Olsen method. The pK BH + values obtained with the H A function (defined by the average m * -values) are in satisfactory agreement with those calculated with the previously mentioned methods. The pK BH + values were correlated with structure using the Hammett (r = -0.91) and Taft approach. It was found that the inductive effect is more relevant than the resonance one for both substituted benzamides (meta and para).
INTRODUCTION
Protonation constants of weak organic bases are obtained by analysing the changes of some physical properties of the observed substrates, when going from the free towards the protonated base with increasing acidity of the solutions.
Both commonly applied methods for the study of protonation equilibria (UV-VIS and NMR) [1] [2] [3] [4] are affected, to some extent, by medium effects which accompany changes in the acid concentration. Various methods have been devised to correct for these, e.g. principal component analysis (PCA), 5, 6 target factor analysis (TFA), 7, 8 characteristic vector analysis (CVA), 1, 9, 10 etc.
Benzamides have already been investigated in sulfuric 1, 3, 4, 11 and perchloric acid 10 solutions. The effects of polar substituents on the protonation of N-substituted benzamides have also been studied. 12 The pK values of some substituted benzamides were used for the investigation of the kinetics of the determination of amides by nitrous acid. 13 The protonation of seven benzamides (Scheme 1) in sulfuric acid media was studied in this work. A previous investigation of these compounds 11 was based on the use of the H A acidity function, whereas the most widely applied excess acidity method (EAM) 14 was employed in this study. EAM has also been widely employed for pK determination of other imides, 3, 4, 6, 15 aldehydes, 16 ketones 17 and complexes 18 . Furthermore, for comparison, the Bunnett and Olsen method (BOM) was also used. 19 The polar effect of substituents on the ionization of protonated substituted benzamides was studied because they provide the possibility of analyzing the relationship between structure and reactivity.
EXPERIMENTAL

Materials
Benzamide (Fluka) was used without further purification. Substituted benzamides were synthetized and purified according to standard procedures. 20 The purity of all the benzamides was controlled by FTIR spectroscopy (Perkin Elmer System 2000 FTIR). Stock solutions of the compounds were prepared in ethanol (Riedel-de Haën). Reagent grade sulfuric acid (97 % by weight, Alkaloid -Skopje) was used. The exact concentration of sulfuric acid was determined by titration against 0.1000 ± 0.005 mol dm -3 sodium hydroxide (Titrival, Alkaloid -Skopje).
pK BH + measurements
The concentrations of the benzamides employed for the determination of the pK BH + values are given in Table I . The UV spectra of the substrates (altogether 26 samples) and the appropriate blank were recorded in a range of sulfuric acid solutions (0.0 to 15.0 mol dm -3 ). The UV spectra were recorded immediately after preparation of the solutions, on a Varian Cary 50 Spectrophotometer in 1 cm quartz cell, in the range from 190 to 350 nm, with resolution of 1 nm, at room temperature (25 ± 1°C). Since the absorption spectra are affected by medium effects (isosbestic points were not observed), corrections were made by means of PCA (principal component analysis), using a developed procedure in the MathCad 21 environment, on preprocessed experimental data (all normalized to unit area under the curves).
RESULTS AND DISCUSSION
The UV spectra of methyl-and chloro-substituted benzamide are very similar with those of the previously studied benzamide. 4 The spectra of p-methylbenzamide in sulfuric acid solutions, reconstructed in the region 190-350 nm, (Fig. 1) , exhibit four bands resulting from p ® p * transitions. The bands 1 B a , 1 B b , 1 L a and 1 L b were assigned previously and interpreted using the free-electron model. 22 When the concentration of the mineral acid increases, the 1 B a band exhibits hypsochromic and hypochromic effects, i.e., it shifts towards shorter wavelengths and decreases in intensity, while the 1 B b band shows hypochromic and bathochromic effects. Simultaneously, the 1 L a band (Table II) shifts toward longer wavelengths (bathochromic effect). The absorption band 1 L b , which appears as a shoulder at approximately 260 nm, cannot be seen clearly because it is dwarfed under the high-instensity 1 L a band. Obviously, the 1 L a (Table I) reacts most sensitively to protonation. An exception to this kind of behavior is p-nitrobenzamide, exhibiting small hyperchromic and hypsochromic effects (Table II and Fig. 2 ), which pronounced isosbestic points at 242 and 278 nm.
The spectra of p-methylbenzamide reconstructed using the first PC intersect at four isosbestic points (l iso = 194, 209, 217 and 249 nm). This gives additional support that the first PC does indeed describe the behavior of the system to the protonation occuring in acidic media.
Determination of pK BH +
In order to determine the strength of the studied weak bases, the thermodynamic pK BH + values were calculated using two different methods: the excess acidity method, 14 Eq. (1) and the Bunnett and Olsen method, 19 Eq. (2). Also, the Equation proposed by Yates and McClelland, 19 Eq. (3), was used:
log I -log (c H +) = m * X + pK BH+ (1)
where (c H + ) = c H + /mol dm -3 (i.e., it is the numerical value), H 0 is the Hamett acidity function, H A is its corrected value for amides and X is the excess acidity function. Values of log (c H + ) and X are available for aqueous H 2 SO 4 solutions. 14 The data for H 0 and H A are calculated using the equations: -H 0 = X + log (c H + ) 15 and -H A = m * X + log(c H + ), 23 respectively, and m * is the average value from Eq. (1) for the studied benzamides. The ionization ratios (I = c BH + /c B ) were calculated directly from the coefficients of the first principal component (PC), associated with the protonation process. R -Substituent; m * -solvation paramteter in Eq. (1); f -slope parameter in Eq. (2); n -number of data pair used for the calculation; a -standard error,
Fot the substances studied in this work, the first PC explains about 95-98 % of the total variability in the region 200-350 nm (200-320 nm for p-nitrobenzamide) .
The values of the thermodynamic pK BH + , calculated at the 95 % confidence level, for the above range of sulfuric acid concentrations, using the Equations proposed by the EAM and BOM, are presented in Table III and do not differ significantly.
Unexpectedly, the obtained pK BH + value for p-methylbenzamide (-1.44) seems to indicate that it is less basic than benzamide (-1.43). Unlike chloro-and nitro-substitients, the methyl group obviously does not cause a significant variation in the values of the protonation constants.
The obtained (f (»1-m * ) values presented in Table III The values of the dissociation constants of the protonated benzamides, at the 95 % confidence level, using the coefficients of the first principal components, calculated using the method of Yates and McClelland, Eq. (3), are given in Table IV . The slope of the log I vs. H A (calculated using the average m * = 0.36) is close to 1 (if the value of 1.19 for p-nitrobenzamide is excluded). The results show that the acidity function H A , defined from the average m * , satisfactorily describes the protonation equilibria for the major acidity range. The anomalous behavior of of p-nitrobenzamide is probably the result of the ultraviolet characteristics of this compound, since both forms of the amide absorb at almost the same wavelength and the increase in absorption due protonation is very small (Fig. 2) .
From the results presented in Table IV , it can be concluded that the pK BH + values obtained with the H A function are in satisfactory agreement with those calculated with EAM and BOM (Table III) . This confirms that there is no longer any need to derive a new H acidity function. 23 Likewise, the presented protonation constants of the benzamides studied in this work are by 0.3-0.4 pK units higher than the values which were previously calculated. 11 A similar difference was observed between the pK values for N-substituted benzamides calculated using the H A acidity function 11, 12 and EAM. 3, 7 
Correlation of pK BH + with Hammett's sigma constants
The Hammett equation (5) has been very successfully applied for rationalizing rates and equilibria of meta-and para-substituted benzene derivatives in terms of (1); n -number of data pair used for the calculation; a -standard error, b -correlation coefficient empirical substituent constants, s, and reaction constants, r. The symbol K stands either for a rate constant or an equilibrium constant.
In order to estimate the effect of substitution on the pK BH + values of the studied compounds, calculated using the EAM, a correlation with the Hammett s and s + constants was performed. The values of the Hammett constants were provided from literature data. 24, 25 The obtained r values from the corresponding Hammett Equation are given in Table V . As expected, in this case, the r-value is negative, which indicates that the substituents affect the protonation reaction in opposing way to the standard reaction (benzoic acid ionization), i.e., electron-withdrawing groups (chloro and nitro) decrease the rate of the protonation and the electron-donating group (methyl) has the opposite effect.
From the obtained results, it is obvious that the constants s give better correlations than the s + constants. This confirms an earlier conclusion, 11 where it was taken as evidence for a lack of conjugation between the protonated carboxamide group and the phenyl ring. The r-values are in agreement with those previously obtained (-0.92) for a set of primary benzamides 11 and -0.95 for N-ethylbenzamides, 12 indicating that protonation of benzamides is insignificantly less sensitive to the influence of polar substituents than the dissociation of benzoic acid (r = 1).
In order to check which one of the effects (i.e., inductive or resonance) of the substituents dominates, the Taft Equation 25 (6) was applied separately for meta and para substituent, 26 as well as for both.
log K -log K 0 = r I s I + r R s R (6) It can be seen (Table V) that the inductive is more important than the resonance effect (r I > r R ), which is more relevant for meta-than for para-substituted benzamides. 
